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[1] Using numerical simulation techniques, we present the
first study of the three-dimensional nonlinear evolution of
an equatorial spread-F bubble. The background ionosphere
used to initialize the bubble evolution is computed using a
time-dependent first-principles equatorial plasma fountain
model together with a prereversal enhancement vertical drift
model. We find that finite parallel conductivity effects slow
down both the linear and nonlinear bubble evolution
compared to the two-dimensional evolution. In addition
we find that bubble-like structures with extremely sharp
density gradients can be generated off the equator at
equatorial anomaly latitudes in agreement with recent
observations. INDEX TERMS: 2415 lonosphere: Equatorial
ionosphere; 2439 lonosphere: lonospheric irregularities; 2447
Tonosphere: Modeling and forecasting; 2471 Ionosphere: Plasma
waves and instabilities. Citation: Keskinen, M. J., S. L.
Ossakow, and B. G. Fejer, Three-dimensional nonlinear
evolution of equatorial ionospheric spread-F bubbles, Geophys.
Res. Lett., 30(16), 1855, doi:10.1029/2003GL017418, 2003.

1. Introduction

[2] Equatorial spread-F bubbles,plumes, and depletions
are a major class of ionospheric dynamics and structure and
are a distinct manifestation of ionospheric weather. Recently,
several observational studies both in quiet [Kelley et al.,
2002; Otsuka et al., 2002; Stephan et al., 2002; Chen et
al., 2001; Huang et al., 2001; Sahai et al., 2000; Sinha et al.,
1999; Kil and Heelis, 1998; Basu et al., 1996; Weber et al.,
1996] and stormtime conditions [Basu et al., 2001a; Basu et
al., 2001b; Yeh et al., 2001] of equatorial spread-F have
demonstrated the need for a full three-dimensional nonlinear
model of the evolution of spread-F bubbles. Kelley et al.
[2002] have presented ground-based observations of a major
equatorial spread-F event from Hawaii which is far from the
geomagnetic equator. Their observations showed that bub-
bles reached altitudes of over 1500 km with strong effects
recorded at the Hawaii observing site. Otsuka et al. [2002]
reported equatorial F-region airglow depletions extending to
much higher latitudes off the geomagnetic equator. In
stormtime periods, [Basu et al., 2001a; Basu et al., 2001b]
demonstrated that strong ionospheric density structures can
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be observed at equatorial anomaly latitudes during equatorial
spread-F events. An outstanding problem is the three-dimen-
sional nonlinear evolution of equatorial spread-F bubbles.

[3] Much work has been performed relating to the two-
dimensional nonlinear evolution of equatorial spread-F bub-
bles and plumes in the equatorial plane [Scannapieco and
Ossakow, 1976; Keskinen et al., 1980; Huang et al., 1993;
Hysell et al., 1994; Sekar et al., 1995]. The quasi-three-
dimensional nonlinear evolution of equatorial spread-F bub-
bles using magnetic flux tube integration techniques [Zalesak
et al., 1982; Keskinen et al., 1998] has been studied. Some
work on the linear theory of the three-dimensional evolution
of equatorial spread-F bubbles [Basu, 2002] has been pub-
lished. However, the full three-dimensional nonlinear evo-
lution of equatorial spread-F bubbles has not been quantified.
A fully three-dimensional nonlinear treatment is needed in
order to develop quantitative predictive mechanisms for
equatorial spread-F and to compare with experimental obser-
vations. In this paper we study the three-dimensional non-
linear evolution of equatorial spread-F bubbles using
numerical simulation techniques. In section 2 we outline
the basic nonlinear bubble model. In addition we describe the
background ionospheric model used in the equatorial non-
linear bubble model. In section 3 we give results from the
nonlinear bubble simulations. Finally, we summarize and
discuss the results.

2. Model

[4] To compute the three-dimensional nonlinear evolu-
tion of equatorial spread-F bubbles we use the Mesoscale
Ionospheric Dynamics and Assimilation Model (MIDAS)
[Keskinen et al., 1998]. MIDAS contains the equations for
density, momentum, and current continuity
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V- J=V-[n(Vi=V,)]=0 (4)

where o denotes ion or electron species, n,, the density, m, the
mass, v;, the neutral collision frequency, U is the thermo-
spheric wind, v, v,; is the ion-electron and electron-ion
Coulomb collision frequency, E the electric field with E | =
—V.¢and E| = -V ¢ with ¢ the electrostatic potential, V is
the velocity, g is gravity, and vy is the recombination rate. The
electron gyrofrequency is taken to be large compared to the
electron collision frequency and electron inertial effects have
been ignored. From equations (2), (3) the current J can be
written J = 3o + Jpan + I por = I where
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where 0, = (nec/B)(c/(1 + o), o= a0, o) = ne*imy(v,; +
Ven), 0= V;/Qs, ¢y =c/Am V7, and V= (¢/B*)(E+ m,g/e) x B.
Weinclude ion polarization J,,,, currents to accurately treat the
high altitude evolution of the bubble dynamics. Equation (8)
adds parallel conductivity effects. Equation (1), (4) are solved
using finite-difference numerical techniques. The MIDAS
code has 200 x 40 x 30 grid cells in the vertical, longitudinal,
and parallel directions. The simulated region extends from an
altitude of 120km in the northern hemisphere to an altitude of
120 km in the southern hemisphere with an apex height of
800 km. Equation (1) is solved using multi-dimensional flux
corrected transport [Zalesak, 1979] while equation (4) is
solved using an iterative solver. Since we consider only
nighttime periods with the upper boundary to be less than
1000 km we keep only O, NO', and O5. We have two
versions of the model in both dipole and cartesian geometry.
Here we present results using a dipolar geometry. The
boundary conditions on the potential are Dirichlet at the
bottom boundary and Neumann 0¢/dy =0 at the top boundary
in the vertical direction, periodic in the longitudinal direction,
and set the potential to be zero at both ends of the flux tube. We
use time-splitting method to treat the parallel and perpendi-
cular dynamics. Since we consider bubble scale sizes greater
than a few hundred meters (several hundred kilometers) in the
perpendicular (parallel) directions, electron and ion pressure
effects are not included since the time scales for parallel and
perpendicular diffusive effects, for the scale sizes simulated in
the model, are much longer than the time scales of interest.
In the present study we set the thermospheric wind U = 0.
The two-dimensional version of the code has been applied to
the evolution of ionospheric equatorial spread-F bubbles
[Keskinen et al., 1998].

[s] For the background ionosphere used to initialize the
MIDAS code we use a modified SAMI2 model [Huba et al.,
2000]. SAMI2 treats the dynamical plasma and chemical
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Figure 1. Vertical drift model used to generate initial
background ionosphere.

evolution of several ion species, i.e., O, Ny, NO*, 03, H',
Hé, N' in the altitude range of approximately 100 km to
several thousand kilometers. SAMI2 includes ion inertial
effects for accurate ion dynamics at high altitudes.

3. Results

[6] In order to generate a background ionosphere with
which to initialize the MIDAS model we use SAMI2 with a
vertical drift model. We take a quiet time vertical drift model
as shown in Figure 1. This is representative of equinoctial
medium solar flux conditions [Scherliess and Fejer, 1999].

[7] Figure 2 gives the background F-region O" iono-
spheric conditions at 1900 LT at the longitude of Jicamarca
Radio Observatory in Peru. As shown in Figure 2 equatorial
anomaly crests are evident at approximately —24 and
9 degrees geographic latitude. The peak to trough ratio is
approximately 1.8. Jicamarca is located at —12 degrees. The
background E-region NO* ionospheric profile at the same
local time was also computed using the SAMI2 model and
used to initialize the MIDAS bubble simulation.

[8] We perturb the profile in Figure 2 with a 10 km
sinusoidal density fluctuation with amplitude of 4 percent
in the east-west direction. The form of the initial density
perturbation along the magnetic field is found from
computing the exact eigenfunction using linear theory
with equation (1), (4) and the initial SAMI2 density
profile. Figure 3 shows the nonlinear bubble evolution at
t = 3850 sec. As can be seen the bubble has reached an
altitude of approximately 750 km. Figure 4 shows the
nonlinear evolution at the northern anomaly at t = 3350 sec.
The F-peak is lower in altitude at the anomaly than at the
equator, a manifestation of the equatorial plasma fountain. In
addition the topside scale length is smaller than at the
equator, i.e., the topside O" density falls off more quickly.
We have found that the bubble structures grow slower at both
the equator and anomaly when parallel conductivity effects
are included. The growth times are slower than that predicted
by local theory but faster than magnetic-flux-tube-integrated
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Figure 2. Plot of O" isodensity contours (in units of cm ™)
at t = 1900 LT from SAMI2 code.

model. The physical mechanism for the slower growth is that
the parallel conductivity diverts part of the perpendicular ion
Pedersen current, responsible for driving the Rayleigh-Taylor
instability, into parallel electron current thus reducing the
growth rate of the Rayleigh-Taylor instability. The genera-
tion of ionospheric structure at anomaly latitudes during
equatorial spread-F as seen in these simulations is consistent
with recent observational studies [Basu et al., 2001a; Basu et
al., 2001b] showing indirectly, through radio scintillation
effects, that strong ionospheric density gradients are occur-
ring at equatorial anomaly latitudes in both quiet and
stormtime periods during equatorial spread-F events. In
addition recent optical studies of equatorial spread-F [Otsuka
et al., 2002] have demonstrated strong density depletions off
the geomagnetic equator during equatorial spread-F events.

4. Summary

[o9] Wehave presented the first study of the nonlinear three-
dimensional evolution of an equatorial spread-F bubble.
The initial background F-region and E-region ionosphere
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Figure 3. Plot of O' isodensity contours in nonlinear
regime from MIDAS model. Densities have been normal-
ized by 2.1 x 10°cm™>. The time is t = 3350 sec.
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Figure 4. Plot of O isodensity contours in nonlinear
regime from MIDAS code. Densities have been normalized
by 4.2 x 10°%m>. The time is t = 3108 sec. The latitude is
8 degrees.

is taken from a time-dependent equatorial plasma fountain
model. We have found that finite parallel conductivity
effects slow down the linear and nonlinear evolution of
the equatorial spread-F bubble as compared with the two-
dimensional evolution. In addtion, we find bubble-like
structures can be generated at anomaly latitudes with
extremely steep density gradients. Our results are consistent
with recent radio and optical studies showing strong density
gradients at anomaly latitudes during equatorial spread-F.

[10] In the future we hope to add the effects of thermo-
spheric winds to the nonlinear evolution of three-dimen-
sional spread-F bubbles and to study the higher altitude
evolution of the spread-F bubbles.

[11] Acknowledgments. This work was supported by NASA. This
work uses the SAMI2 ionosphere model written and developed by the
Naval Research Laboratory.
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